Introduction {#s1}
============

Vascular endothelial injury underlies many medical conditions including sepsis, occlusive vascular disease affecting the renal, cardiovascular and cerebrovascular systems, microangiopathies such as thrombotic thrombocytopenic purpura, vasculitic disorders including autoimmune conditions, and graft versus host disease that can complicate blood stem cell transplantation. Vascular injury can be systemic or isolated to a single organ and may be caused by various insults including ischemia, endotoxic damage related to infection, immune-mediated or following treatments such as chemotherapy and radiation. Serious organ dysfunction can result which is often irreversible. New treatments are needed to limit vascular damage and facilitate timely and complete repair to reduce the morbidity and mortality associated with vascular injury and to lessen the burden on health care resources.

Since Asahara *et al* [@pone.0060890-Asahara1] first described endothelial progenitor cells (EPCs) as a subset of CD34+ cells isolated from bone marrow, endothelial progenitors and related cell types have been characterized from bone marrow, peripheral blood, or other tissues and contribute to endothelial repair and neovascularization in several models of endothelial damage [@pone.0060890-Strunk1]. Circulating endothelial progenitors represent a heterogeneous population of myeloid and monocytic cells derived from bone marrow and may include rare cells with specific endothelial precursor function.[@pone.0060890-Rehman1], [@pone.0060890-Rohde1] Early outgrowth EPCs are a heterogenous population of adherent mononuclear cells from peripheral blood or umbilical cord blood that emerges *in vitro* under angiogenic culture conditions after approximately 5 -- 7 days.[@pone.0060890-Lin1] The precise identity of various endothelial progenitor cell populations remains under active study. In contrast, *ex vivo* expansion of endothelial colony forming cells (ECFCs) from peripheral blood or umbilical cord blood provides a homogenous population of endothelial-like cells with a high proliferative capacity, blood-forming function and therapeutic potential in several models of vascular injury. [@pone.0060890-Lin1]--[@pone.0060890-Yamaguchi1] Moreover, cells that contribute to vascular repair can be differentiated from CD34+ haematopoietic stem cells and can be mobilized into peripheral blood following vascular injury [@pone.0060890-Massa1]--[@pone.0060890-Egan1], or following administration of angiogenic cytokines including VEGFA [@pone.0060890-Asahara2], G-CSF [@pone.0060890-Orlic1], GM-CSF [@pone.0060890-Takahashi1], EPO [@pone.0060890-Bahlmann1], [@pone.0060890-Lipsic1] and plerixafor, a CXCR4 antagonist. [@pone.0060890-Shepherd1]

Vascular repair involves the mobilization and homing of appropriate cell types from their steady state niches to zones of vascular injury. Homing is a multi-step process that involves migration and adhesion of cells to denuded extracellular matrix (ECM) under the regulation of chemokines and their receptors to facilitate differentiation into mature endothelial cells and to form new microvessels.[@pone.0060890-Hristov1] Several cell types appear to be involved in this repair process and recruitment and adhesion of cells to the area of injury likely occurs in a coordinated step-wise manner through the action of numerous chemokines and receptors. [@pone.0060890-Wysocki1]--[@pone.0060890-Walter1] Homing is considered an essential step for neovascularization in postnatal life.

SDF-1α has been widely studied as a central chemokine involved in vascular repair and is widely expressed by numerous tissues. Its secretion increases from damaged tissues under different kinds of vascular endothelial injuries including acute ischemic kidney injury [@pone.0060890-Togel1]; limb ischemia [@pone.0060890-Yamaguchi1]; toxic liver damage [@pone.0060890-Kollet1] and total body irradiation [@pone.0060890-Ponomaryov1]. SDF-1α/CXCR4 signaling is considered to play a central role in mobilizing endothelial progenitors from bone marrow [@pone.0060890-Hattori1], [@pone.0060890-Heissig1]. Recently SDF-1α was also shown to participate in homing of endothelial progenitors by up-regulating their adhesion and migration. [@pone.0060890-Shen1] SDF-1α was shown to increase migration of endothelial progenitors to injured tissues through up regulation of β~2~ integrins on their cell surface. [@pone.0060890-Chavakis1] In addition, E-selectin is an adhesion molecule which was recently found to regulate endothelial progenitor homing [@pone.0060890-Oh1] and appears to work together with SDF-1α [@pone.0060890-Liu1]. However, the precise mechanisms by which SDF-1α and E-selectin exert their effects on homing of endothelial progenitors have not been fully elucidated. Furthermore, the effect of E-selectin and the role of SDF-1α have not been addressed in homogenous cell populations such as ECFCs. In this report, we describe *in vitr*o studies of endotoxic injury to endothelial cells and the role of E-selectin in the migration and adhesion of ECFC cells. We also describe how SDF-1α can augment cell surface E-selectin ligands on ECFCs which may underscore mechanisms to enhance vascular repair function. In addition, we provide insight on specific chemokine responses following different types of vascular injury and how E-selectin mediated vascular repair may be injury-specific.

Methods {#s2}
=======

Ethics Statement {#s2a}
----------------

Human umbilical cord blood samples were obtained from healthy donors at The Ottawa Hospital and Queensway Carleton Hospital following written informed consent in accordance with protocols approved by the Ottawa Hospital Research Ethics Board.

Isolation and identification of endothelial colony forming cells (ECFCs) {#s2b}
------------------------------------------------------------------------

Mononuclear cells (MNCs) from human umbilical cord blood were isolated by Ficoll density gradient centriguation as previously described [@pone.0060890-Critser1]. To expand ECFCs, 1.0 × 10^7^ MNCs were plated on Costar CellBIND Surface 6-well plates (Corning) with EGM2 growth media (Lonza) supplemented with 10% fetal bovine serum (FBS) (GIBCO) and Singlequot growth factors (Clonetics). Serum-supplemented media was changed every day during the first week and then every other day. Non-adherent cells were discarded with each change of media. Colonies with cobblestone morphology appearing between days 9 to 16 were isolated and re-plated in EGM2 media with 10% FBS and Singlequot growth factors. Only ECFCs from passage 2 to 4 were used for subsequent experiments.

ECFCs were characterized by resuspending 1 × 10^6^ cells in 2% FBS and performing flow cytomrtry using the antibodies with the following specificity: anti-CD133-PE (MACS), anti-CD34-FITC (MACS), anti-CD45-APC or ECD (MACS), anti-CD31-FITC (MACS) and anti-VEGFR2-APC (R&D Systems) antibodies. Flow cytometric analysis was performed using the CyAn ADP9 analyser (Beckman Coulter) and interpreted using Kaluza software (Beckman Coulter).

For the detection of acetylated-LDL (Ac-LDL) uptake, cells were incubated with EGM2 media containing 10 µg/mL Ac-LDL for 4 hours at 37 °C, then fixed with 4% paraformaldehyde (Biomedical Technologies Inc) for 10 minutes and stained with 4′,6-diamidino-2-phenylindole (DAPI) (Pierce). To detect von Willebrand Factor (vWF), cultured ECFCs were first permeabilized by incubating with 0.1% Triton X-100 for 10 minutes, fixed and then blocked with phosphate-buffered saline (PBS) supplemented with 10% FBS for 30 minutes. Cells were incubated with rabbit anti-vWF antibody (Santa Cruz) for 2 hours, and then were incubated with Alexa Fluor 488 goat anti-rabbit antibody (Invitrogen) for 1 hour and stained with DAPI. To detect CD14 and CD133 surface markers, anti-CD14-FITC (BD Pharmingen) and anti-CD133-PE antibodies were used. Flouresence microscopy was performed using the Zeiss Observer Z1 microscope (Carl Zeiss Ltd).

Cell lines {#s2c}
----------

Human Umbilical Vein Endothelial Cells (HUVEC) were obtained from the supplier (Lonza) and cultured according to instructions. Briefly, HUVECs were cultured in EGM2 media (Lonza) supplemented with 10% FBS (GIBCO). Cells were not utilized for any experiments beyond the third passage. MRC-5 cells (human fetal lung fibroblasts, American Type Culture Collection) were generously provided by Dr. Lisheng Wang (University of Ottawa) and cultured in low glucose Dulbecco\'s Modified Eagle Media (DMEM, GIBCO) supplemented with 10% FBS.

Endotoxic, hypoxic and radiation-induced cellular injury {#s2d}
--------------------------------------------------------

Endotoxic cellular injury was performed as previously described [@pone.0060890-Magder1], [@pone.0060890-Shioiri1]. Briefly, lipopolysaccharide (LPS) (Sigma) 100ng/ml and soluble CD14 (R&D systems) 1.0 µg/ml were added for 2 hours to HUVEC cells grown at 80% confluence. Injury levels were evaluated by measuring lactate dehydrogenase (LDH) activity in accordance with the instructions provided by the manufacturer of the LDH Activity Assay (Biovison). Aliquots (25 µl) of the culture supernatant were used for LDH detection at various time points following the induction of cellular injury. The conditioned media from cells undergoing endotoxic injury was collected and centrifuged at 9300 × g for 10 minutes (Thermo Electron Corporation) and stored at −80^o^C for use in subsequent assays of ECFC function. In some experiments, we investigated the role of depleting soluble E-selectin produced in the conditioned media of injured HUVEC cultures by adding 1 µg/ml anti-CD62E (BD Pharmingen) to injured HUVEC cells for 1 hour and in other experiments, we blocked the E-selectin ligand CD44 on ECFCs with 1 µg/mL rat anti-human CD44 antibody (HCAM-IM7, Santa Cruz) for 1 hour prior to adhesion or migration assays.

Hypoxic injury was induced by incubating HUVEC cells or MRC-5 cells grown to 80% confluence at 37 °C with 5% CO~2~, 94% N~2~, and 1% O~2~ in a multi gas autoflow CO~2~ water-jacketed incubator (NuAire) for 3, 6, and 24 hours, in accordance with previous reports [@pone.0060890-Maeng1], [@pone.0060890-Youn1]. Levels of cellular injury were assessed using the LDH assay as described above.

Radiation-induced cellular injury was performed as previously described [@pone.0060890-Riederer1], [@pone.0060890-Sermsathanasawadi1]. Briefly, 400 cGy X-ray irradiation was applied by a HF-320 irradiator (Pantak) at a dose rate of 40 cGy/min to cultures of HUVEC or MRC-5 cells grown to 80% confluence. Cellular injury was assessed using the LDH assay as described above.

Evaluation of ECFC adhesion and migration {#s2e}
-----------------------------------------

ECFC homing function was evaluated using *in vitro* tests of adhesion and migration. To assess adhesion, ECFCs were serum-deprived in EGM2 media overnight and then 5 × 10^4^ cells plated on fibronectin-coated 24-well (2.0 cm^2^) plastic dishes (Fisher Scientific) in duplicate and incubated for 20 minutes at 37 °C in the presence of conditioned media (500 µl) from injured or control HUVEC or MRC-5 cells or adhesion buffer (0.5% BSA in EGM2 media). The wells were then washed three times with 0.5 ml adhesion buffer to remove non-adherent cells. Adherent ECFCs were stained with DAPI as described above and then counted in five random fields per well at 50x magnification. Results are reported as the mean number of attached cells per field ± SEM. In some experiments, ECFCs were plated on HUVEC cells cultured in 24-well plates to 90% confluence and serum-deprived overnight. ECFCs were incubated with 10 µg/mL Ac-LDL for 4 hours prior to plating on HUVEC cells to allow identification of ECFC cells.

In some experiments, ECFC adhesion was assessed by adding 2 -- 4 µg/ml recombinant human E-selectin (R&D systems) or 50 -- 200 ng/ml human recombinant SDF-1α (Prospec) in adhesion buffer to serum-deprived ECFC cultures for 2 -- 12 hours prior to performing the adhesion assay. As a positive control, ECFCs were incubated with 100 ng/ml VEGFA (R&D Systems) prior to performing the adhesion assay. To block the E-selectin ligand CD44, 5 × 10^4^ ECFC cells were incubated with 1:100 (v/v) rat anti-human CD44 antibody (HCAM-IM7, Santa Cruz) for 1 hour. To block CXCR4 on ECFC cells, 5 µg/ml plerixafor (Amgen) was added to ECFC cultures 30 min prior to the adhesion assay.

To assess ECFC migration, 5 × 10^5^ cells were suspended in 200 µl adhesion buffer and plated on the upper part of a Boyden chamber (ThinCerts transwells 8 µM pore, Greiner Bio-One). Cells were incubated at 37^o^C for 4 hours to permit migration through the pores in the membrane toward the lower chamber containing candidate mediators of ECFC migration in 500 µl adhesion buffer. To enumerate ECFC migration, the underside of the membrane was stained with Diff-Quick (BD Pharmingen) and cells were counted in five random high powered fields (hpf) at 100x magnification using Image J software (Image J is publicly available software provided by the US National Institutes of Health).

Real-time polymerase chain reaction analysis {#s2f}
--------------------------------------------

Total RNA (0.5 µg) isolated from cells with RNeasy Mini Kit (Qiagen) was used for cDNA synthesis by M-MuLV reverse transcriptase (Biolabs). cDNA transcripts were then amplified by real-time polymerase chain reaction (RT-PCR) with specific primers according to the manufacturer\'s instructions. Briefly, the reactions contained SYBR Green I mix (Invitrogen), 10 pmol of both forward and reverse primers, and cDNA corresponding to 5 ng total RNA. All reactions were performed in duplicate. The reactions were subjected to 45 cycles of PCR amplification (95 °C for 10 seconds and 60 °C for 20 seconds, 72 °C for 34 seconds in Rotor-GeneQ (Qiagen) detection system. All results were normalized to GAPDH mRNA. The primers used are provided in the [Table 1](#pone-0060890-t001){ref-type="table"}.
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###### PCR primers.

![](pone.0060890.t001){#pone-0060890-t001-1}

  Gene                      Primers               Length (bp)
  ------------ --------------------------------- -------------
  E-selectin    5′primer: CCGTCCGCCAGCCTCAGAAT        214
                3′primer: TAGCCTCGCTCGGGGTTGGAC  
  VCAM-1         5′primer CCATTTGACAGGCTGGAGAT        201
                 3′primer TACTGTGGGCACAGAATCCA   
  ICAM-1        5′primer CAGAGGTTGAACCCCCACAGT        203
                 3′primer TCTGAGACCTCTGGCTTCGT   
  GAPDH         5′primer: CCACCCAGAAGACTGTGGAT        423
                3′ primer: CCCTGTTGCTGTAGCCAAAT  
  CD44          5′ primer: CGCCCAGGGATCCTCCAGCT       106
                3′ primer: CAGCGGCACGAGGCAGAGTC  
  CD162         5′ primer: GCGTGGGCTGGGACCTTGTC       168
                3′ primer: TGCCCAGGTGTCCCACAGCT  

E-selectin and E-selectin ligand quantification {#s2g}
-----------------------------------------------

Levels of E-selectin in cell culture supernatants was detected using the Human sE-Selectin/CD62E Quantikine ELISA Kit (Quantikine) according to manufacturer\'s instructions and using a Thermo Labsystems ELISA plate reader (Multiskan Ascent, Thermo Labsystems).

ECFC cell surface expression of CD44 and CD162 was assessed by flow cytometry using anti-CD162 antibody labeled with Alexa 488 and anti CD44-biotin. The anti-CD162 was labeled in the laboratory using the Alexa Fluor 488 Monoclonal Antibody Labeling Kit (Molecular Probes) whereas anti-CD44 antibody was labeled with biotin using the APEX™ Antibody Labeling Kits (Invitrogen). Streptavidin-PE (Beckman Coulter) was used to detect the biotinylated anti-CD44-antibody. Flow cytometric analysis was performed using a Cyan ADP9 analyzer (Beckman Coulter).

Statistical analysis {#s2h}
--------------------

Data are expressed as the mean ± standard deviation. Experiments were performed in triplicate using ECFC cells derived from two separate cord blood samples. Student\'s *t*-test was used to compare mean values for paired samples. *P\<0*.05 was considered statistically significant.

Results {#s3}
=======

ECFC expansion and characterization {#s3a}
-----------------------------------

Mononuclear cells from human umbilical cord blood formed typical cobble stone-like ECFC colonies after a mean of 10 days (range, 9--16 days) in culture under angiogenic conditions ([Figure 1A](#pone-0060890-g001){ref-type="fig"}). *Ex vivo* expanded ECFCs were assessed by immunostaining and/or flow cytometry and were positive for the cell surface markers CD34, CD31, VEGFR2 and vWF and were negative for CD45, CD14 and CD133 ([Figure 1B and 1C](#pone-0060890-g001){ref-type="fig"}). ECFCs were also able to take up acetylated LDL ([Figure 1C](#pone-0060890-g001){ref-type="fig"}).

![Characterization of Endothelial Colony-Forming Cells (ECFCs).\
**A)** Typical cell morphology after at least 9 days of culture, 10x magnification (left) and cell morphology after passaging reveals typical cobble stone appearance of a colony with rapid proliferation (see arrow), and 40x magnification (right). **B)** ECFC cells from a typical colony were analyzed by flow cytometry and express CD34 and CD31 surface markers and are negative for CD133 and CD45. **C)** Immunohistochemistry reveals that ECFC cells can take up Ac-LDL and express vWF but not CD14 and CD133.](pone.0060890.g001){#pone-0060890-g001}

E-selectin is released from HUVECs following LPS-induced endotoxic injury {#s3b}
-------------------------------------------------------------------------

Cellular injury to LPS-treated HUVECs was confirmed by the release of LDH. HUVEC cells demonstrated pronounced injury within 3 hours following exposure to LPS (p\<0.01 compared with baseline and uninjured controls) and cellular injury peaked after 6 hours (see [Figure 2A](#pone-0060890-g002){ref-type="fig"}). A range of LPS concentrations was tested to obtain the optimal dose of 100 ng/ml to induce cellular injury (see [Figure S1](#pone.0060890.s001){ref-type="supplementary-material"}). Expression of key genes associated with endothelial injury was performed following LPS treatment of HUVEC cells and included assessment of E-selectin, VCAM-1, ICAM-1 and SDF-1α. Expression level of each gene was determined relative to GAPDH expression ([Figure 2B](#pone-0060890-g002){ref-type="fig"}) and also evaluated by the ratio of mean copy number from each time point compared to copy number at baseline (0 hours). The greatest increase in gene expression was observed for E-selectin at all time points assessed (208 ± 9.3-fold increase in expression at 3 hours compared to baseline, p\<0.01) while VCAM-1 and ICAM-1 increased 65.1 ± 13.1-fold (p\<0.01) and 15.9 ± 0.73-fold (p\<0.01) after 3 hours compared to baseline expression levels and SDF-1α expression decreased with a 0.4 ± 0.3-fold change in expression after 3 hours (p\<0.05). Notably, SDF-1α mRNA levels in LPS-treated HUVEC cells remained significantly reduced throughout the 12h period of assessment following LPS treatment compared with baseline (p\<0.05). Moreover, expression of E-selectin induced by LPS was accompanied by a marked increase in secretion of E-selectin from HUVEC cells with levels in the conditioned media of 0.53 ± 0.07 ng/ml detected by ELISA after 12 hours compared to 0.04 ± 0.007 ng/ml in uninjured control HUVEC cells (p\<0.01).

![E-selectin, VCAM-1 and ICAM-1 expression is increased in LPS-treated HUVEC cells.\
**A)** LPS-treated HUVEC cells demonstrate significant cellular injury and increased lactate dehydrogenase (LDH) after 3h (\*\* p\<0.01). **B)** Gene expression of E-selectin, VCAM-1, ICAM-1 and SDF-1α induced in HUVECs after endotoxic injury was determined by RT-PCR relative to GAPDH expression (\* denotes p\<0.05 and \*\* p\<0.01 in comparison with baseline). **C)** E-selectin levels after 12 hours in conditioned media from LPS-treated HUVEC cells (H^LPS^) compared with ECFCs exposed to conditioned media from control HUVEC cells (H) or LPS-treated HUVECs cultured in the presence of anti-CD62E which inhibits soluble E-selectin (H+anti-CD62E)^LPS^, as measured using ELISA.(\*\* p\<0.01)](pone.0060890.g002){#pone-0060890-g002}

E-selectin enhances ECFC homing function {#s3c}
----------------------------------------

ECFC homing function was evaluated using *in vitro* tests of adhesion to the extracellular matrix protein fibronectin (FN) and a Boyden-chamber assay of ECFC migration towards gradients of cytokines associated with endothelial injury. ECFCs were exposed to the conditioned media of HUVEC cells undergoing endotoxic injury or to conditioned media from uninjured HUVEC cells. ECFCs exposed to the conditioned media from injured HUVEC cells demonstrated greater adhesion to fibronectin-coated plastic dishes compared to ECFCs incubated with conditioned media from uninjured cells (730 ± 79 vs. 505 ± 51 attached cells per high powered field (hpf), respectively, p = 0.01). The role of E-selectin in conditioned media from injured HUVEC cells was assessed using anti-CD62E antibodies. Adhesion of ECFCs to fibronectin following incubation with conditioned media from injured HUVECs in the presence of anti-CD62E was markedly reduced to levels below control conditions where ECFCs were incubated with conditioned media from uninjured HUVEC cells ([Figure 3A](#pone-0060890-g003){ref-type="fig"}).

![Increased ECFC adhesion and migration following incubation with E-selectin.\
**A)** ECFC adhesion to fibronectin following exposure to conditioned media from control HUVEC cells (H), from injured HUVEC cells (H^LPS^), and from LPS-treated HUVECs with the addition of anti-CD62E (H+anti-CD62E)^LPS^ and shown as cells per high powered field (hpf) (\* p\<0.05). **B)** Adhesion of ECFCs to fibronectin following 2 hour incubation with E-selectin at 2 µg/ml (E2) or 4 µg/ml (E4) compared to controls (0 µg/ml, E0), in the presence of anti-CD44 and E-selectin (4 µg/ml) and VEGF-A 100 ng/ml (VEGFA). (\* p\<0.05). **C)** Migration of ECFCs towards E-selectin in the lower chamber at 2 µg/ml (E2) or 4 µg/ml (E4) compared with controls containing no E-selectin in the lower chamber (E0) or when ECFCs were incubated in the presence of anti-CD44 with E-selectin 4 µg/ml in the lower chamber (A+E4), and to SDF-1a (100 ng/ml) in the lower chamber (SDF). (\* p\<0.05). **D)** Photgraphs of the underside of porous membranes used in the migration assays described in part C.](pone.0060890.g003){#pone-0060890-g003}

The role of E-selectin was examined further by adding exogenous E-selectin to the adhesion buffer used in the assay instead of incubating ECFCs with conditioned media from HUVEC cultures. Exogenous E-selectin increased ECFC adhesion to fibronectin in a concentration-dependent manner. Incubation of 5 × 10^4^ ECFCs with 2 µg/ml and 4 µg/ml E-selectin yielded significantly greater adhesion to fibronectin compared with controls lacking exogenous E-selectin (770 ± 79 and 952 ± 130 adherent cells, respectively, compared with 476 ± 56 adherent cells for controls with 0 µg/ml E-selectin; p\<0.01 for all comparisons with control). The impact of E-selectin on adhesion of ECFCs to fibronectin appears similar to 100 ng/ml VEGFA (736 ± 68 adherent cells per field) which has been previously reported to be associated with increased ECFC adhesion [@pone.0060890-Liu2]. Inhibition of the E-selectin ligand on ECFCs with anti-CD44 antibody abrogated the increase in adhesion to fibronectin observed with 4 µg/ml exogenous E-selectin (390 ± 50 adherent cells per field; p\<0.01 compared with ECFCs treated with 4 µg/ml E-selectin and no anti-CD62E antibody) ([Figure 3B](#pone-0060890-g003){ref-type="fig"}).

E-selectin was also able to induce greater migration of ECFCs in a concentration-dependent manner. ECFCs plated in the upper part of a Boyden chamber and exposed to 4 µg/ml E-selectin in the lower part had greater migration ratios across the membrane compared to controls with 0 µg/ml E-selectin (39 ± 2.0 vs. 2.5 ± 2.0 migrated cells per hpf; p\<0.01). The migration of ECFCs in response to 4 µg/ml E-selectin was similar to ECFC migration towards 100 ng/ml SDF-1α (43 ± 7.0), which has been previously associated with ECFC migration. When ECFCs were treated with anti-CD62E antibody, the migration of ECFCs towards 4 µg/ml E-selectin was reduced to levels observed for controls without E-selectin in the lower chamber (1.5 ± 1.0; p\<0.01 in comparison with 4 µg/ml E-selectin) ([Figure 3C](#pone-0060890-g003){ref-type="fig"}).

Taken together, these results confirm that E-selectin is upregulated and secreted into the conditioned media by mature endothelial cells undergoing LPS-induced endotoxic injury and E-selectin can facilitate migration of ECFCs and increased adhesion to the extracellular matrix protein fibronectin.

SDF-1α augments homing function of ECFCs via CXCR4 {#s3d}
--------------------------------------------------

ECFCs were incubated with exogenous SDF-1α to quantify the impact on adhesion to fibronectin and migration function. ECFCs treated with 100 ng/ml SDF-1α for 12 hours had increased adhesion compared to controls lacking exogenous SDF-1α (865 ± 133 vs. 586 ± 150 adherent cells per hpf; p\<0.01). Incubation of ECFCs with the CXCR4 antagonist, plerixafor, attenuated the effect of exogenous SDF-1α (100 ng/ml) on ECFC adhesion after just 2 hours (394 ± 56 with plerixafor vs. 648 ± 47 adherent cells per hpf without plerixafor; p\<0.01) and after 12 hours (499 ± 83 vs. 865 ± 133 adherent cells per hpf, respectively; p\<0.01). ECFCs treated with plerixafor alone without exogenous SDF-1α had similar adhesion to fibronectin in comparison with control ([Figure 4A](#pone-0060890-g004){ref-type="fig"}). The impact of exogenous SDF-1α on the adhesion of ECFCs to fibronectin was concentration dependent up to 100 ng/ml (538 ± 88 adherent cells for 0 ng/ml vs. 647 ± 96 for 50 ng/ml SDF-1α vs. 751 ± 69 for 100 ng/ml; p\<0.01) but no further increase in ECFC adhesion was observed at 200 ng/ml SDF-1α (754 ± 44 adherent cells; p\>0.05 in comparison to 100 ng/ml). Adhesion of ECFCs treated with 100 ng/ml SDF-1α was similar to 100 ng/ml VEGFA (695 ± 92 adherent cells, p\>0.05), which is known to increase ECFC adhesion to fibronectin ([Figure 4B](#pone-0060890-g004){ref-type="fig"}).

![SDF-1α increases adhesion and migration of ECFCs.\
**A)** Increased adhesion of ECFC cells to fibronectin was observed following incubation with SDF-1α for 12 hours (S) compared with controls (0) (\*\* p\<0.01). The increase in adhesion due to SDF-1a was completely abrogated at 2 and 12 hours in the presence of plerixafor, a CXCR-4 antagonist (P+S) (\*\* p\<0.01). **B)** Incubating ECFCs with increasing concentrations of SDF-1α (S0  =  0 ng/ml; S50  =  50 ng/ml; S100  =  100 ng/ml; S200  =  200 ng/ml and VEGFA  =  100 ng/ml VEGFA) was associated with increased adhesion to fibronectin. (\*\* p\<0.01). **C)** The migration of ECFCs across a porous membrane was enhanced by the presence of SDF-1 (50 -- 200 ng/ml) in the lower part of a Boyden chamber, which was inhibited by plerixafor (P+S100). (\*\* p\<0.01) **D)** The lower side of the porous membrane can be stained to count the number of migrated cells and calculate per membrane pore. (viewed at 40x).](pone.0060890.g004){#pone-0060890-g004}

Migration of ECFCs was increased in response to 100 ng/ml SDF-1α in the lower part of the Boyden chamber compared with controls lacking SDF-1α (46 ± 1.0 vs. 3.5 ± 1.0 cells per hpf; p\<0.01) and migration was fully inhibited by plerixafor (3.0 ± 0.0; p\<0.01 compared with SDF-1α) ([Figure 4C and 4D](#pone-0060890-g004){ref-type="fig"}).

Together, these observations demonstrate that SDF-1α can up-regulate ECFC adhesion and migration via its cell surface receptor CXCR4. Although SDF-1α gene expression is not upregulated in mature endothelial cells undergoing endotoxic injury ([Figure 2A](#pone-0060890-g002){ref-type="fig"}), SDF-1α may be produced by other perivascular cell types and/or during other types of endothelial injury and we considered the possible cooperative effects of SDF-1α and E-selectin in the process of vascular repair.

SDF-1α and E-selectin work synergistically to increase ECFC adhesion {#s3e}
--------------------------------------------------------------------

Our earlier results confirmed that SDF-1α mRNA levels were not increased following endotoxic injury to HUVEC cells ([Figure 2A](#pone-0060890-g002){ref-type="fig"}). The possibility of increased SDF-1α expression following endotoxic injury to neighbouring stromal cells was considered. Human lung fibroblasts from the MRC5 cell line were expanded and exposed to endotoxic injury as described above to mimic damage to perivascular cells. SDF-1α expression levels were increased 1.96-fold 6 hours following endotoxic injury to MRC5 cells (P\<0.05 compared to baseline expression levels) ([Figure 5](#pone-0060890-g005){ref-type="fig"}). Notably, adherence of ECFCs to fibronectin in the presence of E-selectin was further enhanced by pretreatment with SDF-1α ([Figure 6](#pone-0060890-g006){ref-type="fig"}).

![SDF-1α expressed by fibroblasts but not HUVEC cells following LPS treatment.\
**A)**SDF-1α mRNA expression was assessed after endotoxic injury in HUVECs with an early decrease in expression that was evident at 3 hours and persisted up to 12 hours. (\* p\>0.05). **B)** Following LPS treatment of MRC5 cells, mRNA expression of SDF-1a is increased after 6h (\* p\<0.05). Gene expression is reported relative to GAPDH.](pone.0060890.g005){#pone-0060890-g005}

![Exogenous SDF-1α augments adhesion of ECFCs to fibronectin.\
Adhesion of ECFCs to fibronectin after incubation with exogenous recombinant human SDF-1α and recombinant human E-selectin (4 µg/ml) (S100/E4) compared with control ECFCs incubated with E-selectin alone (S0/E4). (\* p\<0.05).](pone.0060890.g006){#pone-0060890-g006}

To address potential mechanisms of synergism between SDF-1α and E-selectin, we assessed gene expression of the E-selectin ligands CD44 and CD162 in ECFCs treated with SDF-1α. Both CD44 and CD162 mRNA levels, determined by RT-PCR, increased in ECFCs following treatment with SDF-1α (100 ng/ml) with peak expression at 2 hours following treatment compared to untreated control ECFCs (P\<0.05) ([Figure 7](#pone-0060890-g007){ref-type="fig"}). Increased CD44 and CD162 gene expression was blocked by plerixafor. Flow cytometric analysis confirmed high levels of CD44 (\>80% cells positive) and CD162 (\>99% cells positive) on the cell surface of ECFCs but no appreciable change in fluorescence intensity or the percentage of cells that were CD44(+) or CD162(+) following incubation with SDF-1α at 100 ng/ml for 12 hours.

![Gene expression of E-selectin ligands on ECFCs treated with SDF-1α.\
**A)** Expression of CD44 in ECFC cells determined by RT-PCR after treatment with 100 ng/ml SDF-1α (squares), controls without SDF-1α (diamonds) and ECFCs treated wth SDF-1α and plerixafor (triangles). \*\* p\<0.01 comparing expression at 2 hours to 0 hours. **B)** Expression of CD162 on ECFCs. \*\* p\<0.01 comparing expression at 2 hours to 0 hours. Gene expression reported as a ratio compared with GAPDH.](pone.0060890.g007){#pone-0060890-g007}

These findings suggest SDF-1α may be released from perivascular cells such as injured fibroblasts and up-regulate expression of E-selectin ligands in ECFCs. Although SDF-1a increases gene expression of CD44 and CD162 and is dependent on CXCR-4, the extent to which increased CD44 and CD162 expression impacts E-selectin mediated adhesion and migration of ECFCs remains unclear.

Profile of SDF-1α and E-selectin expression in hypoxia and radiation-induced injury {#s3f}
-----------------------------------------------------------------------------------

To better understand the potential synergistic effects between SDF-1α and E-selectin in other types of vascular injury, we investigated expression of SDF-1α and E-selectin following radiation-induced and hypoxic injury to HUVECs and MRC5 cells. In contrast to the marked increased in expression after endotoxic injury (208-fold increase compared with baseline, p\<0.01), E-selectin expression in HUVEC cells was unchanged after irradiation and hypoxic injury ([Figure 8A](#pone-0060890-g008){ref-type="fig"}). As we observed previously following endotoxic injury, SDF-1α expression in HUVEC cells did not change following irradiation but increased by 40-fold by 6 hours following hypoxic injury (p\<0.01 compared to baseline) ([Figure 8B](#pone-0060890-g008){ref-type="fig"}). In addition to injury-specific patterns of expression, we examined cell-specific expression of E-selectin and SDF-1α. While E-selectin expression was not increased in MRC5 cells after all types of injury examined (data not shown), SDF-1α expression did not increase in HUVEC cells following radiation or endotoxic injury but was markedly increased in MRC5 cells (2.56-fold increase, p\<0.05) following endotoxic injury ([Figure 8C](#pone-0060890-g008){ref-type="fig"}) and in HUVEC cells (40-fold, p\<0.05) following hypoxic injury ([Figure 8D](#pone-0060890-g008){ref-type="fig"}).

![Expression of injury signals is injury-specific and cell-specific.\
**A)** E-selectin expression in HUVEC cells following endotoxic (diamonds), hypoxic (squares) and radiation injury (triangles). \*\* p\<0.01 for endotoxic injury at 3h compared to 0h. **B)** SDF-1α expression in HUVEC cells following endotoxic (diamonds), hypoxic (squares) or radiation injury (triangles). \*\* p\<0.01 for hypoxic injury at 6h compared to 0h. **C)** SDF-1α expression following endotoxic injury to MRC5 cells (triangles) and HUVEC cells (squares), \*\* p\<0.01 when comparing expression levels at 6h. **D)** SDF-1α expression following hypoxic injury to MRC5 cells (triangles) and HUVEC cells (squares), \*\* p\<0.01 comparing expression levels at 6h; \* p\<0.05 comparing expression levels at 6 hours in MRC5 cells to 0 hours.](pone.0060890.g008){#pone-0060890-g008}

Our findings highlight important differences in cellular responses to injury depending on the type of injury. In particular, the different profile of SDF-1α and E-selectin expression by endothelial cells and fibroblasts may have significant implications for the synergistic effects on ECFC adhesion and homing function depending on the type of injury.

Discussion {#s4}
==========

The results of our study provide new insight on the coordination of vascular repair mediated by ECFCs. E-selectin produced by endothelial cells undergoing endotoxic injury facilitates ECFC adhesion to the extracellular matrix protein fibronectin, and to damaged endothelial cells via E-selectin ligands present on ECFCs. In addition, ECFCs can migrate towards increased E-selectin gradients and may be particularly suited for homing to areas of endotoxic vascular injury. Moreover, our observations suggest a potential mechanism to explain the cooperative effects of SDF-1α and E-selectin in the adhesion and migration function of ECFCs, mediated through CXCR4-dependent expression of the E-selectin ligands CD44 and CD162 on ECFCs. We observed distinct patterns of E-selectin and SDF-1α expression in mature endothelial cells and fibroblasts following different modes of injury, providing new insight regarding potential mechanisms of vascular repair mediated by ECFCs following endothelial damage. Strategies to augment vascular repair using ECFCs should consider the type of endothelial injury and the cooperative effects of SDF-1α and E-selectin on ECFC function.

Repair of endothelial damage is a complex process involving multiple cell types with angiogenic and vascular repair capacity. Hematopoietic cells such as angiogenic monocytes can home to areas of vascular injury [@pone.0060890-Rehman1], [@pone.0060890-Rohde1] and circulating endothelial progenitors have been partially characterized as rare bone marrow-derived or vessel wall-derived precursors of endothelial lineage that can also contribute to vascular repair.[@pone.0060890-Strunk1] ECFCs, however, can be readily expanded from peripheral blood or umbilical cord blood and retain a high proliferative capacity with the ability to incorporate into damaged blood vessels and facilitate vascular repair in several pre-clinical models.[@pone.0060890-Lin1]-[@pone.0060890-Yamaguchi1] Maximizing their therapeutic potential will require greater insight regarding how they respond to injury signals produced by damaged endothelium. To date, most pre-clinical experimental models have studied ECFC function following hypoxic injury. The role of hypoxia-inducible factors and SDF-1α have been well described in several studies, underscoring the importance of CXCR4 signaling in various populations of endothelial progenitor populations. The role of other injury signals such as E-selectin, however, produced during endotoxic injury and their influence on ECFC function has been less well characterized and potential relationships between E-selectin and SDF-1α on ECFC function have not been previously reported, to the best of our knowledge.

Sepsis remains a major medical challenge, characterized by excessive endotoxic injury to the microvasculature and larger vessels with the risk of extensive perivascular tissue damage and organ dysfunction. Major morbidity and mortality remain a reality for many patients. Several groups have characterized signals produced by activated endothelial cells during sepsis or LPS-induced experimental endotoxic injury, including E-selectin, ICAM-1, other adhesion molecules and cytokines released from injured HUVEC cells. [@pone.0060890-Magder1], [@pone.0060890-Bevilacqua1]-[@pone.0060890-Lush1] Our finding that expression of E-selectin, ICAM-1 and VCAM-1 were markedly increased 3h following endotoxic treatment of HUVEC cells is consistent with previous reports.[@pone.0060890-Beck1] The production of SDF-1α following endotoxic injury of mature endothelial cells, however, has not been specifically reported and in our study, we found SDF-1α expression was not increased by LPS-treatment of HUVEC cells. Perivascular stromal cells such as fibroblasts are present in vascular beds affected by sepsis and may produce injury signals that contribute to the mobilization and coordination of the cellular response involved in vascular repair. In particular, previous reports have identified the production of inflammatory cytokines such as G-CSF, GM-CSF, IL-1, CCL2, and CCL20 produced by lung fibroblasts that contribute to the cytokine storm and capillary leak syndrome that characterizes sepsis.[@pone.0060890-Perros1] Increased SDF-1α expression, however, has not been described in these previous studies although SDF-1α can be released from activated platelets [@pone.0060890-Stellos1] or from other stromal cells during acute inflammation and sepsis.[@pone.0060890-Mizuno1] Our finding that SDF-1α is upregulated in MRC5 cells undergoing endotoxic injury allows us to consider a role for SDF-1α signaling in conjunction with mediators of ECFC function during sepsis-related endothelial injury. The cooperative effects of SDF-1α and E-selectin to increase ECFC adhesion function and to increase ECFC migration towards E-selectin may be partly explained by SDF-1α --mediated expression of E-selectin ligands CD44 and CD162 in ECFCs. The extent to which increased CD44 and CD162 expression impacts E-selectin mediated adhesion and migration of ECFCs requires additional study and a greater understanding of the gene regulatory network influenced by SDF-1α in ECFCs is needed to gain more insight on intracellular signaling pathways involved in ECFC function.

With regards to other modes of endothelial injury, it was interesting to note that both SDF-1α and E-selectin were not increased in HUVEC cells or MRC5 cells following irradiation in our study. One previous report, however, described increased SDF-1α expression after 24 hours in HUVEC cells following 500 cGy radiation [@pone.0060890-Lerman1], suggesting that the kinetics of injury and injury repair mechanisms may be delayed. ECFC-mediated repair of radiation-induced endothelial damage requires further study to better appreciate precise mechanisms of ECFC adhesion and migration in this model.

Other studies addressing the adhesion and migration of endothelial progenitors have been reported but involve several different endothelial progenitor cell types. Shao et *al* [@pone.0060890-Shao1] reported that 100 ng/ml SDF-1α up-regulates ECFC migration and capillary formation *in vitro*, while Zheng *et al* [@pone.0060890-Zheng1] reported that SDF-1α up-regulates the migration of early outgrowth endothelial progenitors (EPCs) in a concentration-dependent manner and that this migration is inhibited by plerixafor, the CXCR4 antagonist. Interestingly, Liu *et al* [@pone.0060890-Liu1] reported that SDF-1α can up-regulate the adhesion of early outgrowth EPCs to mature endothelial cells and can increase the expression of E-selectin in mature endothelial cells (HMECs) up to 2.3-fold after 4h. They also observed that SDF-1α -mediated migration of early outgrowth EPCs was E-selectin dependent by up-regulating E-selectin ligands on early EPCs. The use of heterogenous early outgrowth EPCs, which are mostly hematopoietic in origin, makes it difficult to know which cell type is most influenced by SDF-1α in these studies. Further, the therapeutic role of early outgrowth EPCs remains uncertain. The induction of cell surface CD44 on ECFCs by SDF-1α may also explain the increased adhesion to fibronectin observed in our studies as CD44 mediates binding to the COOH-terminal heparin binding domain of fibronectin [@pone.0060890-Jalkanen1].

With regards to E-selectin production following different types of cellular injury and its effect on endothelial progenitor function, Sermsathanasawadi *et al* [@pone.0060890-Sermsathanasawadi1] reported that enhanced E-selectin expression in irradiated mature endothelial cells augments the adhesion of early outgrowth EPC cells. Oh *et al* [@pone.0060890-Oh1] have reported on the role of E-selectin in the adhesion, migration and *in vitro* capillary forming ability of early outgrowth EPCs, which can be blocked by anti-E-selectin antibody. Moreover, E-selectin augments early outgrowth EPC-induced vasculogenesis in ischemic limbs using in vivo animal models.[@pone.0060890-Liu1] Combined with our observations concerning ECFC function, the upregulation of E-selectin expression appears to be a central mechanism used by various types of endothelial progenitor cells in a range of injury models involving different types of injury and different tissue types.

Our research provides new potential insight on the importance of crosstalk between cellular injury signals produced within the injured microvascular microenvironment. In particular, our results provide an important foundation regarding the interaction of SDF-1α and E-selectin in vascular repair using an in vitro model of endotoxin injury in a homogeneous population of ECFC endothelial progenitors. Studies in vascular repair will need to consider cell specific and injury-specific signals and their effects on homogenous cell populations of particular clinical relevance to translate cell-mediated vascular repair strategies into clinical reality. In addition, our studies will require validation in animal models of acute tissue injury to validate our observations and to further develop potential strategies designed to facilitate vascular repair.

Supporting Information {#s5}
======================

###### 

**Cell injury in HUVEC cells induced by LPS.** LDH activity is reported in conditioned media of cultured HUVEC cells incubated with LPS at varying concentrations. LDH measurements were performed in accordance with manufacturer\'s instructions and provide an estimate of cellular damage (described in Methods section).

(TIF)

###### 

Click here for additional data file.
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